Alpha Particle X-ray Spectrometer (APXS) is one of the two scientific experiments on Chandrayaan-2 rover named as Pragyan. The primary scientific objective of APXS is to determine the elemental composition of the lunar surface in the surrounding regions of the landing site. This will be achieved by employing the technique of X-ray fluorescence spectroscopy using in-situ excitation source 244 Cm emitting both X-rays and alpha particles. These radiations excite characteristic X-rays of the elements by the processes of particle induced X-ray emission (PIXE) and X-ray fluorescence (XRF). The characteristic X-rays are detected by the 'state-of-the-art' X-ray detector known as Silicon Drift Detector (SDD), which provides high energy resolution as well as high efficiency in the energy range of 1 to 25 keV. This enables APXS to detect all major rock forming elements such as, Na, Mg, Al, Si, Ca, Ti and Fe. The Flight Model (FM) of the APXS payload has been completed and tested for various instrument parameters. The APXS provides energy resolution of ~135 eV at 5.9 keV for the detector operating temperature of about -35 o C. The design details and the performance measurement of APXS are presented in this paper.
Introduction
Chandrayaan-2, the second Indian mission to the Moon has a soft lander, named Vikram, which contains the Pragyan rover. The rover, provides a unique opportunity to conduct the in-situ measurement of elemental composition in the regions near the landing site at unprecedented details. Quantitative estimates of elemental abundances on local scales play an important role in understanding the evolution of the lunar surface 1 . These measurements are very important, and hence the Chandrayaan-2 rover carries two experiments to determine the elemental composition using two independent techniques - , and Curiosity (Mars Science Laboratory) in 2013 5 , have provided a wealth of data on the elemental composition at various locations of the Martian surface [6] [7] [8] . The APXS instrument was also carried on-board the Philae lander of the Rosetta mission to study the comet 67P/CG 9 , but unfortunately it could not be utilized due to the issues with landing of the lander. In the context of lunar studies, in-situ measurements on the Moon were initiated in the late 1960s through detection of back scattered alpha particles with Surveyor lander program on Moon 10 . However, after the Apollo missions in early 1970s, there was a long break in the lunar landing missions with next lunar landing taking place after almost four decades in December 2013 by the Chinese mission Chang'e-3 11 and its follow-up landing mission Chang'e-4 12 in January 2019. The YUTU rover of Chang'e-3 had an XRF experiment to measure elemental composition 13 ; however, the YUTU-2 rover of Chang'e-4 does not have any experiment to determine the elemental composition.
The Chandrayaan-2 Vikram landing site is planned to be in the lunar highland region close to the lunar South Pole. So far, all lunar landings, including the historic Apollo/Luna missions, as well as recent Chang'e-3 mission, have occurred in the mare regions. Thus, APXS will provide the in-situ measurements of elemental composition in the highland regions of the Moon for the first time in the history of the lunar exploration.
Another important feature of APXS is the use of alpha particles as excitation source, which provide enhanced sensitivity for the lower atomic number elements, such as Na, Mg, Al, Si and Ca. It may be noted that the XRF experiment on-board the Chang'e-3 rover had only X-ray source as excitation radiation and thus had low sensitivity for low-Z elements. The APXS on-board Chandrayaan-2 rover is likely to provide a very unique data on the elemental composition in the lunar polar regions.
The APXS experiment for Chandrayaan-2 rover was finalized in 2010 and its design and development started thereafter. The initial version of APXS instrument design is presented in Shanmugam et al. (2014) 14 . However, the APXS has substantially evolved. Here we present the design details of the flight model of APXS instrument. The next sections outlines few salient features of APXS, followed by the instrument description, its performance and calibration as well as a brief discussion on the operation plan and data analysis.
Scientific Objective
The primary scientific objective of APXS is to determine the elemental composition of the lunar surface in the regions surrounding the landing site. This will be achieved by employing the technique of X-ray fluorescence spectroscopy using in-situ excitation source. For this purpose, APXS uses 244 Cm radio-active sources emitting both alpha particles having energy of 5.8 MeV and X-rays having energy of 14.3 and 18.3 keV, which excites the elemental characteristic X-rays by the processes of particle induced Xray emission (PIXE) and X-ray fluorescence (XRF). The characteristic X-rays are detected by the 'state-of-the-art' X-ray detector known as Silicon Drift Detector (SDD), which provides high energy resolution as well as high detection efficiency in the energy range from 1 to 25 keV. This enables APXS to detect all major rock forming elements, such as Na, Mg, Al, Si, Ca, Ti, Fe, etc. and some trace elements, such as Sr, Y, Zr which are found in the lunar regolith. This is the first time such measurements will be carried out on the Moon.
APXS salient features
Cm-244 radio-active source One of the key factors enabling APXS to make sensitive measurements is the alpha Thus the high energy range of 25 keV enables the possibility of estimating low-Z elements abundance, particularly Oxygen, from the observed back scattered lines.
Silicon Drift Detector
In order to cover the required energy range 1 25 keV with high resolution, APXS ̶ employs state-of-the-art Silicon Drift Detectors. Although SDDs are functionally similar to other thick Silicon based detectors, like Si-PIN or Si-Strip detectors, the specific electrode structure provides low detector capacitance resulting in better energy resolution in comparison with other detectors. SDD has been used in a similar experiment on-board Mars Science Laboratory (MSL) 5 .
APXS deployment mechanism
The fluorescence signal detected by APXS strongly depends on the distance of sensor head from the target surface. From the experience of experiments with earlier versions of the APXS instrument, as well as simulations, it was determined that the exposure time required to obtain spectrum with sufficient statistics was about 5 to 6 hours 15 . Hence, in the new design of the APXS instrument, it is mounted on a deployment mechanism which brings the radio-active sources and the X-ray detector close to the lunar surface during observations and stowed back during rover movements to provide sufficient ground clearance. In the deployed condition, the X-ray detector will be about 55 mm above the lunar surface resulting in the circular field of view of about 12 cm diameter on the surface. This will yield measurement of fluorescence spectra with better accuracy in shorter exposure time.
In-flight calibration
A calibration target plate with multiple metallic sheets is mounted at the bottom of the rover chassis and covering the front face of the APXS in stowed position, which provides in-flight calibration as well as protection from dust particles during rover movements.
The fluorescence line energies from the calibration target materials allow to monitor the gain and offset of the instrument. Any variation in the line intensities will allow us to determine the possible lunar dust contamination on the source or detector. Any deviations from ground calibration of the instrument, if present, can be quantified with the calibration plate observations and these corrections can be applied in the analysis of the in-flight data. As the calibration plate covers the sensor head of the APXS during rover movements, it would also curtail the possibility of levitated dust to deposit on the source or detector that could cause reduction of incident alpha particle energy and attenuation of low energy X-rays.
APXS instrument description
The APXS payload is configured as a single package consisting of SDD, two Printed Circuit Boards (PCBs) mounted on the base of the package accommodating the readout and control electronics and a source holder assembly. The block schematic of APXS instrument and its interface with rover is shown in figure   1 . A common rover Field Programmable Gate Array (FPGA) based electronics is responsible for the APXS payload operation and payload data acquisition as well as the mechanism operations. 
Readout electronics
APXS readout electronics consists of Charge Sensitive Pre-Amplifier (CSPA) that directly interfaces with SDD module, followed by a shaping amplifier with a baseline restorer (BLR). CSPA converts the charge cloud generated in the SDD due to incident Xray in to voltage form. The "Reset type" CSPA design is adapted in APXS. The output of CSPA is fed to a shaping amplifier which converts the small step pulses in to semiGaussian pulses with required amplification. Shaping amplifier is a CR-(RC) respect to the difference between the set point and the measured temperature by the temperature sensor. It takes about two minutes for the peltier controller to achieve a stable nominal operating temperature from ambient conditions. Peltier controller has a provision to monitor the peltier current and detector temperature through the telemetry system.
244
Cm source holder
APXS carries six 244
Cm alpha sources and these sources are housed in a source holder (see figure 2) . The source holder is designed such that it can be assembled and removed from the instrument package whenever required considering the radiation safety aspects.
The 244
Cm alpha sources for the APXS experiment are procured from Russia. These sources were prepared by high temperature condensation of metal curium vapour onto a silicon disk substrates, forming silicide on the surface 16 . These discs are further encapsulated within the Titanium (Ti) alloy capsule and covered with 3 micron thick Ti foil on the front side to form a sealed source. Figure 5 shows the single encapsulated source capsule. The active diameter of the source is 6 mm, disc diameter is 8 mm and the encapsulated source diameter is 10 mm. 
Deployment mechanism
As discussed in the previous section, APXS employs a deployment mechanism which brings the instrument close to the lunar surface (~55 mm) during the measurements and is stowed back after the observation. APXS package is interfaced with the mechanism using an L clamp mounted on the shaft of brushless DC motor. This mechanism assembly is mounted on the bottom chassis of the rover as shown in figure 7 . The mechanism steers the APXS from the stowed position (0 o ) to the deployed position (90 o ) and vice versa, and the micro-switches fixed at the extreme positions provide the feedback for controlling the deployment of the motor mechanism operation. In order to minimize the stress on the motor shaft during the launch and landing shocks, an additional support is provided to the instrument with the rover hold down mechanism, which is part of the rover. During the roll out of rover from lander ramp, this hold down will be released allowing the mechanism to steer APXS.
Figure 7: APXS in stowed condition (top), deployed condition (bottom).

Design of Calibration target plate
APXS carries a calibration target plate which is mounted on the bottom chassis of the rover, very close to the detector and the source assembly. The calibration target plate protects the detector and the sources from lunar dust contamination and also carries metallic targets for instrument calibration. The calibration target plate is made of aluminium and has four metallic targets, namely SS, Al, Ti and Cu as shown in figure 8 .
The target materials are selected such that they cover wide energy range for the fluorescent X-rays and also are sensitive to PIXE and XRF processes. For example, aluminium is excited mostly by Alpha particles whereas the copper target is excited by Xrays. This allows us to characterize any variations in alpha flux, alpha energy and X-ray flux from the source with time. The calibration target plate is also coated with 50 micron thick silver and 20 micron thick gold to provide additional radiation shielding when the actual source holder is integrated with the APXS on the rover. 
Instrument performance
The flight model of APXS is realized after verifying the performance of the qualification model during various environmental tests. As the data acquisition and control of APXS is carried out by a common rover FPGA, for the purpose of characterization at payload level, a ground checkout system is developed. This ground check out system is functionally similar to the FPGA based control and data acquisition system on the rover and generates data packets which are acquired on a computer using Labview-based data acquisition and control software. The test and evaluation as well as the detailed scientific calibration of the APXS instrument is carried out using this ground checkout system. To assess the performance of the instrument during the environmental tests, a 55 Fe calibration source is used which is covered with titanium foil, having lines at 5.9, 6.5, 4.5 and 4.9
keV. Figure 9 shows the calibration source spectrum acquired for the nominal detector Cm radioactive source assembly, experiments were carried out with different target materials, where the alpha and X-ray radiation from the source excites the elements and the fluorescence spectra are recorded.
As alpha radiation energy and the low energy X-ray fluorescence line intensity attenuates while passing through the air, these experiments cannot be carried out at atmospheric pressure. Hence, to simulate the conditions of the Moon, the calibration experiment is carried out in the vacuum. Figure 10 shows the photograph of the experiment setup,
where APXS is mounted in a vacuum chamber and has the provision to vary the target distances. Data is acquired for various metallic samples placed at different distances from APXS and figure 11 shows a sample spectrum for SS metal target placed at the nominal target distance of ~55 mm, where the fluorescence lines of the constituent elements are clearly identified. In order to derive the elemental composition of the unknown target from APXS spectrum, correlations between elemental line fluxes and compositions are to be derived. For this purpose, extensive experiments were carried out with geochemical samples with certified compositions and several other samples of unknown compositions, results of which will be reported later. One such spectra of a granite sample is shown in figure 12 , along with spectra of the same sample blocking the alpha radiation from the source of APXS using a thin (250 µm) plastic sheet. It can be noted that in the latter case, lines of low Z elements are significantly weaker compared to high Z elements. This is expected as the low Z elements are primarily excited by PIXE, whereas the high Z elements by XRF and this demonstrates the requirement of alpha source for better sensitivity for low Z elements. Figure 12 : APXS spectra of granite sample and spectra acquired with alpha radiation from source blocked using a thin plastic sheet.
SS target
Another important feature of APXS which improves the sensitivity is the multilayer shielding of the 244 Cm sources which blocks the high energy X-ray photons from directly reaching the detector as described earlier. Figure 13 shows the comparison of spectra acquired with qualification model of APXS incorporating the multilayer shielding with that of engineering model that does not include multilayer shielding, using perspex as target. It can be clearly seen that the continuum reduces by about one order of magnitude and there by improving the sensitivity for weaker lines. Cm sources during the rover thermo-vacuum test. The data was acquired from the calibration target plate when the APXS is in stowed condition and from an aluminium metallic plate in the deployed condition. Figure 14 shows the calibration plate spectrum with lines of all constituent elements identified. This spectrum will serve as a reference for in-flight verification of APXS performance. APXS flight model has undergone extensive ground calibration, both for the X-ray detector as well as the XRF and the PIXE processes using the flight radioactive sources, detailed results of which will be reported elsewhere. 
In-flight operation plan and data analysis
Chandrayaan-2 lander is expected to land at dawn of a Lunar day. The lander and the rover operations are nominally planned till dusk, for a duration of approximately 14 Earth days. After the rover rolls out from the lander, a sequence of operations will be performed on the rover as planned. The rover stoppages on the lunar surface will be decided based on the feasibility of the rover movement, rover safety aspects and the location of scientific importance. The measurements with APXS are nominally planned at each rover stoppages. At each target location, calibration target plate observation is planned for ~5 minutes before and after the lunar target observation. After the pre-calibration data acquisition, APXS will be deployed and the fluorescence spectra from the lunar surface will be recorded for about 40 minutes. After completion, the APXS will be stowed back for post-calibration observation. Basic data from APXS is ADC value of the X-ray events detected. Data downloaded from Rover through Lander to Indian Space Science Data Center (ISSDC) undergoes level-0 processing. Higher level of processing generates gain corrected energy spectrum observed with APXS in FITS format compatible with standard X-ray spectral fitting tools. The data will be available publicly for download from ISSDC after a specified lock-in period.
Summary
The flight model of the APXS instrument has been developed and characterized for performance requirement and also tested for various environmental conditions. APXS payload meets all the design criteria and provides the energy resolution of ~ 137 eV at 5.9
keV with low energy threshold of ~ 800 eV. APXS payload has been integrated with Chandrayaan-2 Pragyan rover and has gone through various environmental tests.
Performance of the instrument is normal during all these tests. The APXS instrument will provide the first ever in-situ elemental composition measurements in the polar region of the Moon.
